Introduction
[2] Over half of the global accessible runoff is appropriated for human purposes [Postel et al., 1996] and some 80% of freshwater used by humans is extracted for irrigation purposes [Thenkabail et al., 2009] . In semiarid regions, such as Australia's Murray-Darling Basin, irrigation is of particular importance and can increase the value of agricultural production severalfold relative to that of dry-land cultivation. For example, irrigated agriculture in Australia generates 28% of the value of agricultural production from only 1% of its agricultural land area [Meyer, 2005] .
[3] While water for irrigation generates substantial benefits, extractions also have the potential to generate environmental costs because they alter both the volume and variability of river flow [Bunn and Arthington, 2002; Dudgeon et al., 2006; Poff et al., 2007 Poff et al., , 2010 . This is a concern because globally the area of land devoted to irrigation has expanded from 280 to over 400 million ha in the past three decades [Thenkabail et al., 2009] . Much of the surface water supplied to irrigated agriculture is stored, at some point in time, in the world's more than 45,000 large dams that are capable of holding up to 15% of the total global surface runoff [Nilsson et al., 2005] .
[4] Water regulation for irrigation is a particular challenge in the Murray-Darling Basin, Australia. This is because dam storage capacity exceeds the mean annual runoff and system outflows have been reduced to a fraction of their predevelopment levels. Much of this development has occurred in the recent past as water diversions in Australian rivers increased by over 50% between 1985 -1986 and 1995 -1996 [National Land and Water Resources Audit, 2001 . Water storages smooth river flows and provide a secure supply of water for irrigation when required, especially over summer months. As a result of this regulation, peak flows associated with flooding events have diminished in both size and frequency, and median annual flows out to sea in the basin are now less than 30% of their natural levels [Commonwealth Scientific and Industrial Research Organisation (CSIRO), 2008] .
[5] The nature of water regulation in the southern Murray-Darling Basin is that many existing water resource plans allow for water diversions for irrigated agriculture to be reduced by a smaller proportion than inflows during lowinflow periods. As a result, on the Murray River the water diverted for irrigation has increased from less than half in the 1980s and 1990s to over 75% in the past decade-long drought [Grafton and Jiang, 2010] . Reduced environmental flows have contributed to widespread degradation along the Murray River with 95% of the floodplain trees on its lower reaches either degraded or dying [Murray-Darling Basin Commission (MDBC), 2003] . Norris [2010, pp. 23-24] has summarized the key environmental assessments in the basin over the past decade and observed there is clear evidence of poor ecological conditions in many of its rivers. Before the current drought, Norris et al. [2001] concluded that 40% of the river length assessed had a degraded environmental condition. At the end of the system there is high salinity, exposed acid-sulfate soils that generate water acidity that can result in fish die offs, and virtually no flows at the Murray Mouth over the past decade [Senate Standing Committee on Rural and Regional Affairs and Transport, 2008] .
[6] In response to the evidence of degraded habitats, scientists have argued for increased environmental flows [Poff et al., 1997; Richter et al., 1997; Arthington et al., 2010; Poff et al., 2010] . The problem for policy makers and water planners is that allocating more water for the environment means less water for irrigated agriculture. To help decision makers respond to this dilemma and to better understand the trade-offs, we develop an optimal and dynamic water allocation model. As far as we are aware, it is the first dynamic and stochastic water model that accounts for the key states of the environment and correlated weather events that can be used to economically optimize water allocations for diversions versus in situ uses.
[7] We calibrate the optimal dynamic water allocation model to the Murray River of Australia, but it could be applied generally to any river system where there are tradeoffs between diversions (agricultural, industrial, or domestic) and environmental flows coupled with adequate data on flows and benefits of alternative uses. Recent work has produced global data sets of irrigated land area [Thenkabail et al., 2009 ], large dams [Nilsson et al., 2005] , and freshwater ecosystems [Lehner and Döll, 2004] plus a capacity to model human and climate change impacts on continental and global water systems [Lehner et al., 2006; Haddeland et al., 2007; Dai et al., 2009; Döll et al., 2009] . These data and tools make it possible to use our modeling approach to examine the sustainability of marginal adjustments in the timing and location of water delivered for agricultural production. By contrast to existing methods that are local scale and idiosyncratic, our optimal dynamic water allocation model is a general analytical approach capable of quantifying the economic trade-offs between the environment and extractive uses at a basin scale. The underlying parameters of the model can be adapted to particular catchments where there is additional information on the hydrology and ecology. Sensitivity of the results in terms of net gains (dollars) and water allocations can then be assessed under alternative scenarios in terms of climate, the environment, and net benefits of use.
[8] The dynamic model is constructed with four state variables: the current weather, the weather correlation, the current water storage available for allocation, and the status of droughts (if any). At any point in time, given the four states and any serial correlation in the weather, the water planner determines the two control variables: environmental water releases from storages and permitted irrigation extractions. The quantity of water saved for future use is the unallocated inflow into the system and is neither allocated to irrigators, nor is it released to the environment in the current period, but is stored in dams for later use.
[9] The model is to maximize the net present value of water from allocating it between competing uses. In other words, it maximizes the discounted net present value of the expected benefits of water in (1) irrigated agriculture, (2) environmental releases, and (3) future uses in terms of both extractions and in situ uses by specifying an optimal action contingent on the information available at any points in time using the Principle of Optimality [Bellman, 1957] . The model is calibrated to the Murray River to show the difference between actual and optimal water allocations and the estimated net gain in dollar terms. While the specific optimal irrigation volume and environmental releases are sensitive to particular parameter values, the model does generate a qualitatively robust result, namely, that artificial floods or ''pulse'' effects [Junk et al., 1989] are needed to avoid excessive environmental costs associated with droughts.
[10] Section 2 describes how the relationships among variables are modeled. Section 3 briefly describes the Murray region and its river system, and the baseline numerical parameters used in terms of calibration and application. Section 4 presents the key model results and compares actual versus optimal water allocations over the period [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] along with a sensitivity analysis of the results to changes in the base-case parameter values. Section 5 offers a brief discussion and conclusions.
Model Description

Modeling Weather, Weather Serial Correlation, and Climate Trend
[11] The model includes three types of weather: dry, normal, and wet (indexed by d, n, and w). This allows us to account for serial correlation in weather when setting current water allocations ; we specify that the weather type in each year is a random variable, but correlated with the weather in the two previous years. Thus, the weather last year (denoted as P) and this year (denoted as W), can directly influence the probability of the next year's weather. (Conventionally, we use capital Latin letters for state variables, Greek letters for parameters, and lowercase letters for control variables or functional notations.) The weather further in the past affects the weather next year indirectly via the weather in the previous two years.
[12] Table 1 represents a hypothetical relationship between weather over different years. The (d, d) cell in the first matrix represents the probability of dry weather in the following period (60%) given that the previous and current period were both dry. The (d, n) cell indicates that if the current weather is normal and last year's weather was dry, the probability of dry weather in the following period is only 30%. If the weather was normal this year and also last year, then the (n, n) cell indicates that the probability of dry weather next year would be only 15%. The second and third matrices have similar interpretations except they refer, respectively, to the probability of normal weather and wet weather occurring next year. The probabilities given in the identically located cells in each matrix sum to 1.0.
[13] The hypothetical probabilities in Table 1 indicate that (1) the climate trend is neutral because the probabilities of the two extremes, dry and wet weather, are symmetric and (2) the correlation becomes weaker if the two years are further apart such that the current weather has a bigger effect on the probability of next year's weather than last year's weather. A climate trend, such as a drought, can be incorporated into the weather if the probabilities are asymmetric. The transition of the weather type from the current year (W) to the following period is probabilistic as the weather type in the next year is not yet realized. The only
information we have about the transition law of W is the uncontrolled probability distribution described as
n if the next period weather is normal w if the next period weather is wet:
[14] This probability distribution is important as it helps determine the current water allocation. The total water availability each year, measured as summed inflows over the basin inflow points, also depends on the weather type, and hence, itself is a random variable. If we use the weather type as subscripts, then the water availability can be represented by a three-element vector
Water Balance Calculation
[15] All river systems that have water extractions require a minimum amount of water to convey allocations from upstream to downstream locations. This water can be called conveyance water and is a ''fixed cost'' in terms of the water required to meet irrigation requirements. We denote this amount, net of evaporation associated with the conveyance of water along the river, as a fixed quantity . The mass conservation condition relating the three uses of water (irrigation, environment, and future allocation) is
or after rearranging and with time subscripts it can be written as follows:
where ÁR is the change in the water storage, R is current storage, e are planned environmental releases, i is irrigation extractions, and is the evaporation rate in water storages.
(We specify evaporation as fixed proportion of volumes in the general setup of the model. When calibrating the model at a catchment level evaporation should account for various factors including surface area of water storages, temperature, wind, etc.) However, the storage, at any points in time, is always bounded from above by the maximum storage capacity that is denoted by R . If the inflow in a year is too large, water will be spilled out of storage facilities. Therefore, the transition of the water storage in equation (2) is modified in equation (3) to capture the maximum storage capacity:
Flood Intensities, Flood Break Periods, and Environment Water Intake
[16] Floods with different intensities have different impacts on the environment, where intensity refers to both the volume and duration of flows. Bigger floods inundate higher floodplain surfaces and wetlands more distant from the river channel. They also deliver larger volumes of water onto the floodplain and can extend the period of time before rewetting is required. A smaller flood applies water to lower and nearer floodplains. Our model simplifies the environmental requirements by defining the periods required between floods as a ''break period'' (denoted as Å).
[17] Floods are classified into big, medium, and small types (indexed as b, m, and s) with different break periods
A simplification in the model is that smaller floods have shorter break periods. Thus, the intensity of a flood depends on whether the minimum thresholds (denoted as Á b ; Á m , and Á s with Á b > Á m > Á s > 0) that trigger each type of flood are exceeded by the environment water intake. (We differentiate between conveyance water and environment water intake. Conveyance water that contains unregulated inflow may contribute to floods (or even provide some environmental benefit). However, as we assume a fixed conveyance, all environmental effects of the conveyance are considered to be ''sunk.'') There are two sources of the environment water intake, namely environment releases (e) and the spill water (f) arising after the storage is completely full by inflows. (A certain proportion of irrigation water returns to the environment as specified in CSIRO [2007] and may have some ecological benefits. However, as irrigation demands are spread through time in a year, water returning from irrigation generates few benefits and does not contribute to floods. Thus, water diversions for irrigated agriculture may be viewed as ''lost'' to the river environment [Kingsford, 2010, p. 11] .) The break period, which is determined by the flood intensity, can be represented by
where the spill water f arises only when the inflow ðÈ t Þ, netting evaporation along the rivers and at storage facility ð þ R t Þ, and the irrigation and environmental volumes (i t þ e t ) combined with the current storage, exceeds the maximum storage capacity R. Therefore, the spill water f can be calculated as 
Interflood Period and Drought Length
[18] An interflood period is defined as the time between two flood events and, thus, it begins and ends with a flood. A drought is defined as commencing when the interflood period exceeds the break period. In other words, an interflood period is divided into two intervals: (1) a break period where wetting is recent enough that desiccation of the floodplain has not produced substantial environmental costs, and (2) a period after the break period when drought costs to the environment are incurred and before the next flood.
[19] To capture the break times and the damaging droughts, we use a state variable L which can have both negative and positive values. A negative value implies that the environment is still in the break time of the previous flood. A positive value shows how many periods have elapsed since the end of the previous break time, or the length of a damaging drought. When a flood occurs, this state variable becomes negative, implying the start of a flood break time. When two floods are close to each in time, the larger break period will dominate. The transition of this state variable is given by
Drought Cost, Irrigation Profit, and Social Return
[20] The environmental impact of an extended interflood period is expressed as a ''drought cost'' that depends on the length of a damaging drought. After a flood, the drought cost remains zero during the break time (when L 0) before starting to rise exponentially. Thus, the drought cost can be represented by the following:
where > 0 is the drought cost coefficient and is the drought cost elasticity. We assume > 1:0 such that the drought cost is an increasing and convex function with respect to the drought length. In other words, as a drought lasts longer, the drought cost will increase at an increasing rate. Figure 1 presents an illustration of hypothetical drought costs and break periods.
[21] The initial break period carries no ''cost'' reflecting adaptation of freshwater biota to natural dry periods between floods. As the interflood period is extended beyond the natural duration a cost is incurred, related, for example, to reduced quantities of carbon and nutrients delivered to the river from the floodplain [Baldwin, 1999; Wilson et al., 2010] , or a lack of flood events to trigger water bird breeding events [Kingsford and Auld, 2005] . The exponential increase in cost with longer interflood periods represents the variable threshold effects in some ecological responses. For example, potential threshold effects relate to the role of flooding as a trigger for flood recruitment of fish [Harris and Gehrke, 1994] , emergence of microinvertebrates from floodplain soils [Jenkins and Boulton, 1998 ], and regeneration of riparian forests [Bacon et al., 1993] . Although not represented in the model, there is a maximum cost with drought that would occur when the floodplains have lost all of their environmental value as a freshwater ecosystem.
[22] The net benefits from irrigation are defined as irrigation net profit. We define the inverse demand function for irrigation water as the constant-elasticity form pðiÞ ¼ i À" . The term p(.) is the inverse demand function of irrigation water, " 2 0; 1 ð Þ is the price elasticity, and is a parameter. Net profit from water used by irrigated agriculture is illustrated in Figure 2 and defined by the following integral :
[23] Provided the price elasticity lies between 0 and 1, the net profit from the water used in irrigated agriculture is a concave function with respect to the irrigation volume. In other words, an increase in the irrigation volume will raise the irrigation net profit, but at a decreasing rate. This is because irrigation water will first be used for crops where the difference in net profit between dry land and irrigated production is greatest while subsequent irrigation uses of water would generate lower net profit. Thus, when there are reductions in water extractions to irrigated agriculture, the least profitable irrigation activities with the lowest marginal net benefit would give up their water first and prior to irrigators with a higher marginal net benefit. We can now define a ''social return function'' from a given water allocation as per equation (9), which is the net irrigation profit defined in equation (8) net the drought cost defined in equation (7):
Optimal Allocation Strategy and Dynamic Programming Equation
[24] The optimal water allocation takes into account the current weather, serial correlation in weather across years, the drought length, and disposable water (storage plus inflows) at the beginning of each year. The environment releases and permitted irrigation extractions are determined to maximize the expected net present value of the return described in equation (9). Mathematically, the problem is
subject to the initial values of all state variables and the transition laws described in equations (1), (3), and (6). The Bellman equation for this problem is
[25] The Bellman equation (11) reflects the Principle of Optimality in the context of dynamic water planning problem. It implies that, at any points in time, the optimal irrigation allocation (i) and environmental release (e) are chosen to maximize the current social return defined in equation (9) plus the discounted value of the expected benefit from the next period onward. These two control variables are chosen contingent on the four state variables, namely, the current weather realization, the past weather realization, the drought length, and the water in storage.
Model Calibration to the Murray Region
Overview of the Murray Region
[26] The model is applied to the Murray River region of Australia. It extends from the upper reaches of the river to its mouth and encompasses over a half million ha of irrigated cropping land and 600,000 ha of floodplains including internationally recognized wetlands [Kingsford, 2010; Overton et al., 2010] . The Murray River is highly regulated such that the flow through its mouth has been reduced by over 60%, and the periods of no flow have increased in frequency from about 1% to 40% of the time [CSIRO, 2008] . The frequency of medium and small floods has been severely reduced [Lintermans, 2007] and resulted in substantial declines in its riparian forests [Overton et al., 2010] .
[27] To operationalize the model, we use the units of billion U.S. dollars (USDs) for monetary variables and teraliters (TL) for water volumes and 2001 as the baseline year. For the baseline scenario, we take the price elasticity " % 0:85 from Grafton and Jiang [2010] , who estimate that a 10% reduction in irrigation volume results in a 1.59% reduction in annual net irrigation profits. This price elasticity is similar to Scoccimarro and Collins [2006] and Brennan [2004] . Substituting the irrigation volume and profit in the base year 2001 into equation (8) (the irrigation volume is 4.14 TL and irrigation net profit is USD 1.62 billion [Grafton and Jiang, 2010] ), we calculate ¼ 0:2647.
[28] To calculate the drought cost parameters ; ð Þ, we rely on an assumption of ''half-depletion time'' (denoted as a) and ''full-depletion time'' (denoted as b). The halfdepletion time is the length of a drought that makes the cumulative present value of the drought cost equal to 50% of the irrigation net profits over the same period of time. Likewise, the full-depletion time is the length of a drought that makes the cumulative present value of the drought cost equal to 100% of the irrigation net profits. For the baseline scenario, we specify a ''pro-irrigation'' set of parameters such that the half-depletion time is a ¼ 20 years and the full-depletion time is b ¼ 30 years. Given these assumptions, and assuming the discount rate ¼ 0:05, the drought cost coefficient and elasticity can be directly calculated and are given by ; ð Þ ¼ 0:0037; ð 2:1Þ. A comparison of the results under different values of the half-depletion time and full-depletion time is also provided.
Hydrological Parameters and Weather Correlation
[29] The arithmetic mean of total water inflows associated with the three types of weather are estimated using monthly total inflow data for the period May 1891 to April 2006. The monthly data is aggregated into annual data for July-June years. There are multiple irrigation supply reservoirs located both on the Murray River and its tributaries, with the Goulburn and Murrumbidgee rivers delivering greatest inflows. In addition, the Snowy Mountain scheme diverts water into the Murray River Basin from the adjacent Snowy River Basin.
[30] The model represents the water supply system as a single annual input to a single ''virtual'' reservoir with storage capacity equal to the sum of major reservoirs storage capacities within the Murray catchment. This simplification is required to examine basin-scale trade-off decisions between environmental and irrigation water use. Scenario analysis using detailed representation of the water supply system based on shorter-time steps, and the representation of individual storages and water transfers would be necessary for local water resource planning to complement the broad-scale analysis.
[31] The classification of dry, normal, and wet weather is based on Robinson et al. [2005] . This implies that if water availability is below the 25th percentile it is dry weather, if water availability is above the 75th percentile it is wet weather, and the remaining distribution is normal weather. Given this classification, the average water availability associated with each type of weather can be estimated for the Murray River with the details provided in Appendix A. [1997] , Pusey and Arthington [2003] , and Baldwin [2008] . The conveyance water is taken from Campbell [2008] , Grafton and Jiang [2010] , and Ganf et al. [2010] . The flood break times are assumed to be 0, 1, and 2 years for small, medium, and big floods, respectively. All numerical values used to calibrate the model are reported in Table 2 .
Model Results
[33] We solve the stochastic dynamic programming problem given by expression (11) to determine how much water should be released to the environment and also allocated to irrigation in each period based on the current state variables. These allocations will, in general, vary over time and depend on the realization of the uncertain weather (dry, normal, or wet). The model results are compared to the actual water allocations that occurred on the Murray River from 2001 to 2009, a period coincident with a major drought.
Baseline Scenario and Principles in Water Allocation
[34] When irrigation volumes are reduced by a given percentage, net profits decline by a smaller proportion because of the concavity of irrigation net profits and the existence of water markets along the Murray River. Water markets allow water to be transferred from low to higher value uses [National Water Commission, 2009] . Consequently, if overall diversions by irrigators are reduced, the least profitable irrigation activities are reduced first. Without water markets the loss in profits from reduced diversions to irrigation would be much larger and the dynamic water allocation model would allocate correspondingly less water for the environment.
[ Table 4 ), which represents a reduction of 2.61TL (approximately 10%). As a result of this reduction in the irrigation volume, the net aggregate profits (discounted to the base year 2001) are reduced from 11.52 to 11.19 billion USD (see Figure 5 ) by about USD 330 million, or approximately 2.8%. (We convert all Australian dollars to U.S. dollars at the exchange rate of $A 1.00 ¼ USD 0.90.) The nonproportional relationship between the percentage reduction in the irrigation volume and the net profit captures the fact that any reduction in the water available for irrigation is incurred first by the less profitable irrigation activities.
[36] Figures 6-8 illustrate the benefits from environmental releases. In the optimal allocation two artificial floods are created in 2004 and 2006 that keep drought costs at relatively low levels, as shown in Figure 6 . Figures 7 and 8 , respectively, present the annual and cumulative drought 
Response Function
[37] The optimal water allocation crucially depends on the realization of uncertain weather and specific annual inflows. In general, a higher level of disposable water volumes (i.e., the current storage and the current water recharging inflow) and/or a longer drought period will trigger the decision to make a flood. This is because whether to create a flood or a pulse effect depends on the amount of water available, and the current cost if there is a damaging drought.
[38] Figure 9 illustrates the optimal environmental releases in dry years with different disposable water quantities and drought lengths. Three years after a flood break period (the drought length is 3 years), a medium flood should be made only if 13 TL of water is available (all storage facilities are full). If the disposable water that is available is 9 TL, a small flood should be created. If only smaller volumes of water are available, it is optimal to wait for another year before a small flood is created. 
Pulse Effects
[39] The analysis of 2001-2009 actual water allocations and the hypothetical response function emphasize an important qualitative result of the optimal strategy, the pulse effect. This effect implies that floods will be created in some years and no water beyond conveyance or base flows is released to the environment in other years. If annual inflows are always realized at the mean, the flood or pulse events would always be created in a regular manner. We illustrate this point in Figure 10 for dry and normal weather sequences where small or medium floods are created every 3 years. The reason for the pulse effect is that the environmental release will be postponed until a drought lasts for a certain period of time and becomes too damaging. In practice, the flood cycle may not be as regular because the period between two planned floods will vary depending on the actual realization of the weather and the water inflows, both of which are random variables.
Sensitivity of the Price Elasticity Parameter
[40] The price elasticity for irrigation water measures the sensitivity of the net profits associated with irrigated agriculture when irrigation diversions are reduced. The larger the price elasticity in the inverse demand ð"Þ for a given 
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reduction in irrigation extractions the greater will be the increase in the price of water used in irrigation, and the more modest will be the decline in the net profit defined by (8). We calculate the optimal allocation strategies for different price elasticities and the gain from the optimal water allocation relative to actual strategies. These results are presented in Table 3 . Smaller elasticities generate larger net profit reductions from a given reduction in irrigation extractions and, thus, smaller gains from reallocating water from irrigated agriculture to environmental flows, and less frequent or smaller floods. For instance, when " ¼ 0:60 the gains from reallocation from irrigation to environmental flows are some USD 300 million, but when " ¼ 0:90 the gains from reallocation are over USD 600 million.
Sensitivity of the Drought Cost Parameters
[41] In addition to the price elasticity, the drought cost coefficient ðÞ and the drought cost elasticity ðÞ have an important influence on the optimal water allocation. A higher value for the drought cost coefficient and/or the drought cost elasticity implies that the drought cost will increase more quickly with respect to the drought length. The base-case parameters are estimated from the drought lengths (years) that would make the drought cost equal to 50% and 100% of the present value cumulative irrigation net profits from water use. The base-case assumptions place an upper bound on environmental costs and are proirrigation because it is possible that the drought costs to the environment may exceed the net profits in irrigation. (Morrison et al. [2010] find that the total willingness to pay to improve the quality of the Coorong, at the Murray Mouth, that would increase the frequency of water bird breeding from every 10 years to every 7 years, raise native fish populations from 30% to 40% of original levels, and increase the area of healthy native vegetation from 50% to 60%, is in excess of USD 1 billion per year for 10 years.) The basecase parameters indicate that a modest reallocation of 2.62 TL from irrigated agriculture to environmental flows, coupled with a pulse environmental flow regime, would have generated net social returns of USD 558 million over the period.
[42] We calculate the optimal strategies under various assumptions on the drought cost parameters and report the results in Table 4 . Different parameter values generate different drought costs. If drought costs equal 100% of net profits in irrigated agriculture after 30 years, the net social return from pursuing an optimal water allocation is a little less than half a billion USD. If the drought cost reaches 100% of net profits in irrigated agriculture after 15 years the social return is much higher, or some 3 billion USD.
[43] Depending on the values of the drought cost parameters ð and Þ, it is possible that the optimal dynamic water allocation mimics environmentally based watering rules designed to achieve a ''moderate'' probability of a healthy working river where environmental flows are about half of natural flows, or a ''high'' probability of a healthy working river where environmental flows are twothirds or greater of natural flows [Jones et al., 2002, p. 6 ]. An optimal water allocation achieves a moderate probability of a healthy working river if " ¼ 0:85 and the cumulative costs to the environment of no floods equals 50% of cumulative net profits from irrigated agriculture after 12 years, and 100% of cumulative net profits after 20 years. An optimal water allocation approximates a high probability of a healthy working river with " ¼ 0:90 and if the cumulative costs to the environment of no floods equals 50% of cumulative net profits from irrigated agriculture after 7 years, and 100% of cumulative net profits after 10 years.
Concluding Remarks
[44] We develop a general and optimal dynamic water allocation model to help answer the question of how to allocate scarce surface water among competing uses while accounting for trade-offs and weather. The model accounts for stochasticity in weather related events, optimizes the trade-off in water allocation between irrigated agriculture and environmental flows, and can be applied to any twouse surface water trade-off at a basin scale. Thus, the model operationalizes many of the key factors that decide how water should be allocated across competing uses and in situ uses.
[45] Our model provides decision makers with a tool to assess the trade-offs between different allocations with different parameter values. This is accomplished by specifying a convex relationship between drought length and environmental damages, and a concave relationship between water diversions and net profits from irrigated agriculture. The underlying parameters of the use and in situ uses for water can, and should, be modified by decision makers to undertake sensitivity analyses of the optimal water allocation to changes in parameter values.
[46] We calibrate the model to the Murray River scenario to compare actual with optimal water allocations. Concavity in net profits in irrigated agriculture associated with water extractions, coupled with a competitive water markets, reduce the costs of increased environmental flows as reductions in irrigation diversions would come first from low profit activities. Our results show that, contrary to current practice, small or medium floods should be created every 1 or 2 years to generate pulse effects in terms of environmental flows. The qualitative nature of the pulse effect is robust to changes in the underlying parameters used in the model. If a periodic pulse strategy had been implemented over the past decade along the Murray River, the model calculates that this would have generated net societal benefits of between half a billion and some 3 billion USD in net present value terms, depending on parameter values.
[47] Current water planning on the Murray River substantially reduces the frequencies of medium and small floods when inflows are below average. Below normal inflows also increase the trade-offs between water extractions and environmental flows. It is in these dry-to-normal inflow periods that the dynamic water allocation model is of greatest value in terms of improving water allocation decisions and increasing net benefits to society. Overall, the results show that the optimal dynamic water allocation model is an important tool to water planners to (1) better understand the trade-offs between competing uses and (2) optimize water allocation decisions. However, our model is not able to determine the timing and size of environmental releases to any specific sites or ecosystems because of the abstract representation of the hydrological and ecological systems. The calculation of releases to specific assets requires more finely detailed models that better capture the spatial information of the network structure of tributaries and ecological systems.
Appendix A A1. Estimation of Inflow Means
[48] Using the data on total inflows from 1892 to 2006, we calculate the seasonal yearly inflow (a seasonal year starting in July and ending in June). The average yearly inflows associated to each type of weather can be estimated in Table A1 .
[49] Given the estimate of ln(inflows), the mean of the water availability associated to each weather type can be estimated, such that a Here, a is number of years until the cumulative environmental costs of drought equals 50% of the cumulative net present value of net profits in irrigated agriculture, and b is number of years until the cumulative environmental costs of drought equals 100% of the cumulative net present value of net profits in irrigated agriculture. b Sources for actual water allocation: MDBC [2004, 2005, 2006, 2007, 2008] and MDBA [2010] . where i, j, k ¼ fd, n, wg.
[51] Using the weather classification by Robinson et al. [2005] , the weather correlation can be represented in Table A2 . 
